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We have determined the dynamical dielectric response of a 
one-dimensional, correlated insulator by carrying out electron 
energy-loss spectroscopy on Sr2Cu03 single crystals. The ob- 
served momentum and energy dependence of the low-energy 
features, which correspond to collective transitions across the 
gap, are well described by an extended one-band Hubbard 
model with moderate nearest neighbor Coulomb interaction 
strength. An exciton-like peak appears with increasing mo- 
mentum transfer. These observations provide experimental 
evidence for spin-charge separation in the relevant excita- 
tions of this compound, as theoretically expected for the one- 
dimensional Hubbard model. 



Low dimensional, correlated systems have attracted 
much attention in recent years not only because of the 
discovery of high-temperature superconductivity for the 
two-dimensional (2D) case of copper-oxide planes, but in 
general due to a large variety of unconventional magnetic 
and electronic properties directly connected with the re- 
duced dimensionality and/or electronic correlations. In 
this context one-dimensional (ID) systems are of spe- 
cial interest, essentially stimulated by theoretical predic- 
tions like that of spin-charge separation for the Hub- 
bard model Quasi-ID materials based on cuprate 
compounds, of which Sr2Cu03 is the best example, have 
become new candidates for ideal model systems which al- 
low the study of basic physical concepts in one-dimension 
and represent a touchstone for the theoretical models of 
high-Tc-cuprates. Magnetic susceptibility measurements 
have shown that Sr2Cu03 can be regarded as an almost 
ideal realization of the ID spin-i antiferromagnetic (AF) 
Heisenberg model , which describes the magnetic ex- 
citations of a Mott-Hubbard insulator. 

Information on the electronic structure and the dy- 
namics of the charge carriers is highly desirable, espe- 
cially against the background of spin-charge separation 
expected in ID. Up to now angle resolved photoemission 
spectroscopy (ARPES) has been performed on the re- 



lated compound SrCu02 [|5|], which is composed of two 
neighboring, but at room temperature magnetically de- 
coupled, copper-oxide chains. The ARPES data have 
been interpreted in terms of holon and spinon bands, with 
bandwidths related to the hopping term t and the ex- 
change constant J, respectively. Beside the one-particle 
spectral function obtained by photoemission, the dielec- 
tric function is the most basic and important quantitiy 
reflecting the electronic structure of a solid. The dielec- 
tric response is accessible using optical spectroscopy for 
the special case of zero momentum transfer. Electron 
energy-loss spectroscopy (EELS) on the other hand, of- 
fers the possibility to study the momentum dependence 
of the electronic excitations, i.e. the dynamical dielec- 
tric response. EELS measurements for the 2D system 
Sr2Cu02Cl2 Q have been interpreted in terms of a small 
exciton model, where it was assumed that the singlet ex- 
citons may propagate freely in the AF spin background, 
whereas single particle propagation is suppressed. In con- 
trast, in our ID case spin-charge separation naturally 
leads to no frustration of the kinetic energy of carriers ex- 
cited across the gap, and therefore both continuum states 
as well as excitonic bound states play a role. 

In this Letter we present the first investigations of the 
dynamical dielectric response of Sr2Cu03. We have car- 
ried out EELS measurements in transmission on single 
crystalline samples, which provides us with the energy 
and momentum dependent loss function Im(— l/e(<f, a;)). 
While for small momentum transfer we see a broad con- 
tinuum of interband plasmons above the gap, on the way 
to the zone boundary a sharp peak develops. We show 
that the data can be understood within an extended effec- 
tive one-band Hubbard model, and that both the spin- 
charge separation which occurs in ID as well as excitonic 
effects are essential. 

Single crystals of Sr2Cu03 were grown using a trav- 
elling solvent-zone technique Q. For our EELS stud- 
ies in transmission, films of about 1000 A thickness were 
cut from the crystals using an ultramicrotome with a 
diamond knife. The measurements were performed at 
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room temperature using a specially designed high reso- 
lution spectrometer Q with a primary beam energy of 
170 keV. The energy and momentum resolution were set 
to be 115meV and 0.05 A'^ forg <0.5A-\ and 160meV 
and O.OGA"^ for q >0.5 A~^ due to the necessity of in- 
creasing the electron beam intensity for large momentum 
transfer q. The high quality and the orientation of the 
single crystalline films were carefully checked by in situ 
electron diffraction. For recording the loss function the 
momentum transfer was aligned along the chain direction 
([010]). It is important to note that EELS in transmis- 
sion is a not surface sensitive technique, in contrast to 
many other electron spectroscopies. The dielectric func- 
tion, e{q,uj) = ci + 162, and thus the optical conductiv- 
ity a = Loe2 was obtained from the loss function by a 
Kramers-Kronig analysis. 
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FIG. 1. Loss function of Sr2Cu03 (right panel) measured 
with the momentum transfer q parallel to the chain direction. 
The left panel shows the calculated loss function M{q, w) plot- 
ted with an energy resolution of 0.115 eV, and scaled to the 
experimental peak heights. For the parameters used in the 
calculation, see the text. 

In the right panel of Fig. 1 we show the loss func- 
tion of Sr2Cu03 for different momentum transfers q par- 
allel to the chain direction. The spectra are normal- 
ized to equal count rates in the energy range of 9.4- 
10.4 eV (not shown), where they are practically momen- 
tum independent. Due to contributions of the elastic line 



and surface losses it is not possible to measure at zero 
momentum transfer but very close to the optical limit 
{q =0.08A"i). With q =0.8A~i being the zone bound- 
ary, our measurements cover the complete Brillouin zone 
in the [010] direction. Peaks in the loss function in the 
low energy range discussed here arise from collective ex- 
citations (plasmons) related to interband transitions. In 
the spectrum for q =0.08 A~^, the first possible inter- 
band transitions across the gap form a broad continuum 
like absorption feature in the loss function around 2.4 eV. 
The spectral onset is found to be at 1.6 eV. Two further 
comparatively sharp maxima are observed at 4.5 eV and 
5.2 eV, which are probably already connected with exci- 
tations not only within the CuOa chain, but involving Sr 
orbitals. As a function of momentum transfer, the peak 
at 4.5 eV shifts towards higher energy, accompanied by a 
drop in intensity and an increasing spectral width. This 
mainly reflects the decreasing lifetime of the excited state 
and represents the usual behavior of an interband plas- 
mon in EELS. 

In the following we will focus on the loss function in the 
range of 1.6 eV to ~4eV since here the spectral features 
are expected to be exclusively due to transitions within 
the CuOs chain and model calculations are believed to 
be of relevance. When comparing the momentum depen- 
dence of the loss function for this energy range with the 
higher lying features described above a completely differ- 
ent behavior is observed. The broad absorption contin- 
uum present near the zone center {q = 0.08A-1) narrows 
with increasing momentum transfer, evolving into a sin- 
gle rather sharp peak centered at 2.8 eV for q = 0.4A~^ 
with a width of only 0.5 eV. At the same time, the 
integrated intensity stays almost constant indicating a 
transfer of spectral weight from the continuum to the 
sharp peak. The remainder of the continuum is visible 
as a shoulder at around 3.3 eV. Going into the second 
half of the Brillouin zone the peak gets slightly broader 
possibly due to an enhanced total background arising 
from multiple scattering for large q. At the zone bound- 
ary (q = O.SA"^) the excitation is centered at 3.2 eV. 
Additionally, close to the zone boundary a second peak 
appears at ~3.8eV. The spectral weight at 2eV which 
starts to be visible for q > 0.5A~^ has its origin in double 
scattering processes (inelastic scattering plus phonon or 
impurity scattering with q equal to that set by the spec- 
trometer) , leading to the appearance of the spectrum for 
q — in the curves at high momentum transfer [0|. 

The most unusual feature of the loss function described 
above is the anomalous narrowing of the low-energy 
peak with increasing momentum transfer. Although it 
is widely accepted that cuprates like Sr2Cu03 are charge 
transfer insulators, an effective one-band Hubbard model 
has been quite successful in describing many low-energy 
experimental features of related compounds [|^,^ . One is 
therefore led to ask whether or not this also holds here. 
Recently, two of us M studied the imaginary part of the 
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zero temperature density response function 

AAo(g,c^) = ^|(/|n,|0}f ^ ^ ^ 
/ 



-Efo+iS uj + Efo + iS 



(1) 



of the extended one-band Hubbard model, 

+Vj2njnj+i (2) 
j 

where Hi = riii + rii^, with Fourier transform n^, e^o = 
i?/ — Eq and |0) is the ground state. The local Coulomb 
interaction U of this model would correspond to the 
charge transfer energy of a multi-band charge transfer 
model. The loss function is proportional to the imagi- 
nary part of the response function shown in Eq. (nl), if 
the long-range Coulomb interaction V3d('z) — 'iire^/q'^ 
were also included in the model. We may, however, in- 
clude this at an RPA-level of approximation by using the 
response function calculated for the short-range inter- 
action model (^) as the "Lindhard function" within the 
RPA IToll: 
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Within this approach we find that the screening effects 
can be quite well described as a renormalization of the 
short-range interaction, so that a qualitatively correct 
picture is provided already with the short range model. 

As a first step we therefore want to discuss our experi- 
mental data in a qualitative way making use of the result 
for the density response function of the model (||). It 
was shown in Ref. |9| that in the strong-coupling limit 
U/t ^ 1, the response function J\fo{k,Lu) may be calcu- 
lated within an effective t — J-like model, where exactly 
one "hole" and one "double occupancy" are explicitly in- 
cluded in the states excited across the Mott-Hubbard 
gap. It was further shown that upon making use of 
the wave function factorization j^] which holds in this 
limit, to very good approximation the spin degrees of 
freedom decouple from the problem, which is due to the 
off-diagonal long range order of singlet pairs in the quan- 
tum spin chain We are then left with an effective 
(spinless) particle-hole model, with a nearest neighbor 
attraction V between the double occupancy (doublon) 
and holon, with opposite signs of hopping matrix clement 
for the two carriers, and with the band centers separated 
by U. As sketched in Fig. 2, in the small V limit one then 
expects an optical gap of C/ — 4t, followed by a continuum 
of interband transitions up to an energy oi U + At. Go- 
ing to higher momentum transfers the range of possible 
interband transitions decreases, leading to an excitation 
energy U at the zone boundary. The inclusion of finite 



nearest-neighbor Coulomb repulsion V leads to the pos- 
sibility of the formation of an excitonic state. For V <2t 
the exciton lies within the continuum in the optical limit 
[q — > 0), and is therefore not a well defined excitation 
there, but will appear at the zone boundary at energy 
U — V , accounting for almost all of the spectral weight 
(Fig. 2(b)) The narrowing of the low-energy feature 
in the EELS data with increasing q can be explained 
within this scheme. Once again we stress that the ef- 
fective band structure sketched in Fig. 2 (a) represents 
the holon-doublon dispersion relations, and not a band 
structure in the conventional sense. If there were signif- 
icant coupling to spin excitations then the narrowing of 
the continuum would be counteracted by the possiblity 
of momentum transfer to spinous. 
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(a) (b) 
FIG. 2. (a) Schematic representation of the effective band 
structure of a ID Mott-Hubbard insulator after decoupling 
of spin degrees of freedom. Also depicted are examples of 
possible interband transitions for momentum transfer g = 
(solid arrows) and q — tv (dashed arrows). The value of q = tt 
corresponds to g = 0.8 in the experiment, (b) Possible 
energy range of interband transitions as a function of momen- 
tum transfer q (shaded area) and exciton dispersion (heavy 
line) as obtained from the peak positions of the calculated 
optical conductivity using the same parameter set as in Fig. 
1. o: Peak positions of the optical conductivity as derived 
from the measured loss function by Kramers-Kronig analysis. 
+ : dispersion of the low-energy peak of the loss function. 

We would now like to make this discussion more quan- 
titative. To account for the collective excitations ex- 
cited in an EELS experiment, the effects of long range 
Coulomb interaction and interchain coupling must be in- 
cluded. As mentioned above, this may be done within 
RPA approximation by solving for the density response 
Mo{q,uj) of the model @), and then using the RPA form 
|l0| to connect this screened response to the loss function 
which is proportional to lmN'{q,uj), Eq. (H). 

In Fig. 1 (left panel) we present the loss function calcu- 
lated using the solution for Afo{q, uj) given in Ref. j|] and 
Eq. (^). The curves shown here are obtained with the 
parameter set t — 0.55 eV, U — 4.2 eV, V — 1.3 eV, and 
represent the best description of the experimental data. 
Although a quantitative error analysis is difficult, already 
a 10 percent deviation from these values leads to notice- 
ably worse agreement with the measurements. Note that 
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the momentum dependence of the hneshape provides a 
strong constraint on the parameters in addition to that 
given by the dispersion. Of course, the exact hneshape 
observed at low q is not reproduced by our theory, but 
considering the simphfications inherent in our model the 
agreement with the measured loss function (right panel) 
is reasonable. 

Our value for t is consistent with t — 0.6 eV obtained 
from the holon dispersion observed in SrCu02 in Ref. 
1^, as well as t — 0.55 eV extracted from band struc- 
ture calculations p^ . Once again, we must emphasize 
that V = 1.3 eV here represents the unscreened value, 
and that screening effects are treated in the RPA. For a 
Hamiltonian of the form (|^) without long-range Coulomb 
interactions, a smaller screened value of V is appropri- 
ate. In the present case V ~ 0.8 eV used with Eqs. (|l|) 
and @) leads to a similar correspondence to our EELS 
data, and should be used for model studies without long 
range interactions. In this context we note that a pos- 
sible screening of U would be a higher order effect and 
thus would be unlikely to play a significant role. 

To obtain more direct information about the interband 
transitions responsible for the collective excitations in the 
loss function we have also derived the optical conductiv- 
ity (T from our measured data by a Kramers-Kronig anal- 
ysis with ei{q,u! = 0) = 8. For small momentum transfer 
our result is consistent with optical measurements of 
the conductivity, where no indications of excitonic states 
are observed, despite the much better energy resolution. 
This corroborates our interpretation of the peak at small 
momentum transfer being a continuum, and not for ex- 
ample as resulting from several overlapping peaks which 
are not resolved clearly. Regarding the dispersion, the 
peak position in the optical conductivity as obtained from 
our EELS data is in excellent agreement with the corre- 
sponding peaks of a directly calculated within the above 
model and parameter set (heavy line in Fig. 2 (b)). In 
addition, the peak positions of the loss function (denoted 
by crosses) clearly show the expected plasmonic shift rel- 
ative to those in a. 

While this work demonstrates the applicability of 
the effective one-band model for the low-energy elec- 
tronic properties of the Cu-0 chains, our treatment 
here is clearly semi-phenomenological in the sense that 
the model itself is microscopically non-trivial to justify. 
When one considers more complicated multi-band mod- 
els which more obviously reflect the local chemistry of 
Sr2Cu03, excitations appear at higher energies which 
are not included within our present approach. In gen- 
eral some of the degrees of freedom included in multi- 
band models may lead to relevant additional excitations 
overlapping in energy range with those described by the 
simple one-band model. Calculations in the framework 
of a two-band model show additional "excitonic" fea- 
tures for large momentum transfers beyond the one ob- 
tained in the one-band model, but with very similar low- 



energy and small momentum transfer behavior to that 
discussed here 10. The peak at 3.8 eV observed close to 
the zone boundary in EELS can probably be described 
within a two- or three-band model, although the results 
of Ref. are quantitatively accurate only for param- 
eters which are not realistic for Sr2Cu03, so this point 
remains open. 

In conclusion, we have carried out EELS measurements 
of the one-dimensional correlated insulator Sr2Cu03. 
The momentum and energy dependence of the dielectric 
response at low energies can be well described within an 
extended one-band Hubbard model. The unusual nar- 
rowing of the lowest energy feature with increasing mo- 
mentum transfer arises due to a combination of two ef- 
fects: a) the band structure of the excited carriers in the 
effective model quite naturally leads to a kinematic nar- 
rowing of the interband continuum with increasing mo- 
mentum; b) the presence of a moderately large Coulomb 
attraction between the excited holon-doublon pair leads 
to an excitonic bound state, which sharpens and lies be- 
low the continuum only for momentum transfers away 
from the Brillouin zone center. Due to the spin-charge 
factorization which holds for our ID model, we are able 
to discuss in points a) and b) a model with no coupling 
of carriers to the spin background. Therefore the mea- 
surements presented here are also a manifestation of the 
charge-spin separation theoretically expected for the ID 
Hubbard model. 
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